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ABSTRACT
The merger of a binary of neutron stars provides natural explanations for many of the features of short
gamma-ray bursts (SGRBs), such as the generation of a hot torus orbiting a rapidly rotating black hole, which
can then build a magnetic jet and provide the energy reservoir to launch a relativistic outflow. Yet, this scenario
has problems explaining the recently discovered long-term and sustained X-ray emission associated with the
afterglows of a subclass of SGRBs. We propose a new model that explains how an X-ray afterglow can be
sustained by the product of the merger and how the X-ray emission is produced before the corresponding
emission in the gamma-band, although it is observed to follow it. Overall, our paradigm combines in a novel
manner a number of well-established features of the emission in SGRBs and results from simulations. Because
it involves the propagation of an ultra-relativistic outflow and its interaction with a confining medium, the
paradigm also highlights a unifying phenomenology between short and long GRBs.
Subject headings: stars: neutron — magnetohydrodynamics (MHD) — methods: numerical
1. INTRODUCTION
The merger of a binary system containing at least one neu-
tron star (NS) represents the most attractive scenario to ex-
plain the phenomenology associated with short gamma-ray
bursts (SGRBs), although many alternatives exist [see Berger
(2014) for a recent review]. While merging binaries of neu-
tron stars (BNSs) were suggested already in the 80’s (Narayan
et al. 1992; Eichler et al. 1989), numerical simulations (Shi-
bata & Uryu¯ 2000; Baiotti et al. 2008; Anderson et al. 2008;
Bernuzzi et al. 2012; Paschalidis et al. 2014) and new ob-
servations (Berger 2014) have put this scenario on firmer
grounds. In particular, the simulations have shown that the
merger of BNSs inevitably leads to the formation of a mas-
sive metastable object, which can either collapse promptly or
survive up to a fraction of a second emitting large amounts of
gravitational radiation. Furthermore, if the NSs are magne-
tized, the inspiral can be accompanied by a precursor electro-
magnetic signal (Palenzuela et al. 2013), while the merger can
lead to instabilities (Siegel et al. 2013; Kiuchi et al. 2014) and
to the formation of magnetically confined jet structures once
a torus is formed around the black hole (BH) (Rezzolla et al.
2011; Paschalidis et al. 2014).
Despite the progress of simulations, the recent phe-
nomenology of SGRBs presents a serious riddle for any pro-
cess involving BNSs. The Swift satellite (Gehrels et al. 2004)
has revealed phases of roughly constant luminosity in the X-
ray afterglows of a large subclass of SGRBs. These are re-
ferred to as “X-ray plateaus” (e.g., Rowlinson et al. 2013;
Gompertz et al. 2014) and last 10 − 104 s. The riddle is
then in the timescales involved, which are too long if the X-
ray emission is really an afterglow. The gamma-ray emis-
sion, in fact, is normally associated to an ultra-relativistic jet
launched by the BH, produced by the collapse of the binary-
merger product (BMP), in its interaction with the accreting
torus. Since, the torus’ mass is. 0.1M, with accretion rates
∼ 10−3 − 10−2Mms−1 (Rezzolla et al. 2010; Hotokezaka
et al. 2013), the accretion timescale is at most ∼ 1 s. This is
three or more orders of magnitude smaller than the observed
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timescale for the sustained X-ray emission.
A way out from this riddle is in principle available, but it
only leads to a different one. It is possible to invoke the pres-
ence a long-lived “central engine” in terms of a “protomagne-
tar”, that is, a uniformly rotating object formed in the merger
that powers the X-ray emission through standard dipolar radi-
ation and spin-down (Zhang & Me´sza´ros 2001; Metzger et al.
2008, 2011; Bucciantini et al. 2012). Indeed, the BMP can
either be a supramassive NS (a star with mass above the max-
imum mass for nonrotating configurations but below the max-
imum mass for uniformly rotating configurations) or a BH.
The lifetime of the BMP is still very uncertain, but is likely
. 104 s (Ravi & Lasky 2014), which is long enough to yield
a sustained X-ray emission. However, the riddle in this case
is in the timing of the gamma- and X-ray emissions. If the
X-ray emission is produced by the BMP, then it cannot follow
the gamma-ray emission, which seems to require a jet and
hence a BH. Indeed, none of the simulations to date indicates
the generation of a collimated jet by the BMP (Price & Ross-
wog 2006; Liu et al. 2008; Giacomazzo et al. 2011; Palen-
zuela et al. 2013; Kiuchi et al. 2014; Giacomazzo et al. 2014),
which instead appears after the formation of a BH (Rezzolla
et al. 2011; Dionysopoulou et al. 2015).
2. THE BASIC PICTURE
Before diving into the details of our “two-winds” model for
those GRBs that have an x-ray afterglow, it is useful to sum-
marize its main features. The left panel of Fig. 1 presents
a spacetime diagram where shown as red-shaded is the re-
gion occupied by the BMP, which eventually collapses to
produce a rapidly rotating BH surrounded by an accreting
torus. The BMP rotates differentially for an Alfve´n timescale,
i.e., . 1 − 10 s and, assuming it does not collapse to a BH
when differential rotation is lost, it will rotate uniformly for
considerably longer, i.e., . 103 − 104 s. Shown as brown-
shaded is the region occupied by the slow and baryon-rich
wind, which is approximately spherical and moves at bulk
speeds of ∼ 0.01 − 0.1 c and then progressively slows down
as part of the kinetic energy is lost. This wind can be driven
in a number of ways, possibly all acting at the same time: via
shock heating (Hotokezaka et al. 2013), via magnetic fields
and differential rotation (Kiuchi et al. 2012; Franci et al. 2013;
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Figure 1. Left: Schematic spacetime diagram showing in red the region occupied by the BMP that eventually collapse leading to BH–torus system. Shown in
brown and green are the regions occupied by the magnetically driven slow wind and by the dipole-driven fast wind. The interaction of the two winds generates a
shock and the sustained X-ray emission, while a jet is produced by the BH–torus. Right: Schematic snapshot after a BH–torus system has been produced and the
winds have expanded.
Siegel et al. 2014), or via neutrinos (Metzger & Ferna´ndez
2014; Perego et al. 2014). In all cases, the duration of the slow
wind is . 1 − 10 s, and in the first two scenarios the wind is
isotropic for realistic magnetic-field topologies (Siegel et al.
2014), and will be quenched once differential rotation is sup-
pressed. At this point, the uniformly rotating and magnetized
BMP will emit a fast and baryon-poor wind (green-shaded
area) moving with bulk speeds of∼ 0.3−0.5 c. The BMP pro-
vides a continuous source of dipole radiation over a timescale
set by the stability of the BMP, i.e., ∼ 1 s− 103 s.
Because the slow and fast winds have different velocities,
the latter catches up with the former, producing a shock which
heats the matter locally and leads to an X-ray emission. How-
ever, because the matter of the slow wind is baryon rich and
optically thick, the X-ray photons will not propagate freely,
but rather diffuse through the slow-wind material till reach-
ing a photospheric radius from which they reach the observer.
Because the effective speed of propagation of the X-ray pho-
tons is ∼ c/τ , where τ  1 is the optical depth of the slow
wind where photons are produced, and the shock front moves
through the wind with a relative speed of ∼ c/5, X-ray diffu-
sion can be ignored until the shock is close to the photosphere.
As the fast and slow winds interact, and the X-ray propaga-
tion takes place through the slow-wind material, the BMP will
have spun down via dipolar emission to a sufficiently slow rate
to collapse to a BH surrounded by a hot dense torus, possibly
sending a radio signal (Zhang 2014; Falcke & Rezzolla 2014).
Soon after this happens, magnetic instabilities will develop in
the torus, amplifying the magnetic field (Rezzolla et al. 2011;
Kiuchi et al. 2014) and leading to the construction of a jet-like
magnetic structure (Rezzolla et al. 2011). This magnetic fun-
nel can then collimate the low-density material in its interior,
which could be heated either by the neutrinos emitted from
the torus (Ruffert & Janka 1999), or via magnetic reconnec-
tion. In addition, the matter ejected with the slow wind can
further confine the propagation of the jet (Aloy et al. 2005;
Murguia-Berthier et al. 2014; Nagakura et al. 2014). As a
result, an ultrarelativistic jet could be launched propagating
with Lorentz factors Γ ∼ 100−1000 (light-blue shaded area).
The dynamics of the jet across the winds material is similar
to the one envisaged for long GRBs, so that a burst of gamma
rays is assumed to be produced as the jet breaks out, with lu-
minosities of L ' 1050 − 1051 erg s−1, over the timescale of
the duration of the accreting torus, i.e., 0.01− 1 s. A snapshot
of the expanded winds is shown in the right panel of Fig. 1.
In essence, our model solves both the X-ray timescale riddle
(the emission is produced by the BMP, which can survive up
to 104 s) and the timing riddle (the X- and gamma-ray emis-
sion are produced at different times, locations and propagate
at different speeds).
3. INTERACTION OF SLOW AND FAST WIND AND RELATIVISTIC
JET
A baryon rich slow wind is expected immediately after the
merger, which lasts for a time tsw . 1− 10 s. The mass-loss
rate during this time is M˙sw ∼ 10−3M s−1, and the wind
speed Vsw ∼ c/10 (Siegel et al. 2014). The slow-wind phase
ends when the BMP starts to rotate as a solid body, which
is also roughly when the neutrino luminosity drops off, and
a global dipole magnetic field is assumed to emerge (Zhang
& Me´sza´ros 2001; Metzger et al. 2008). The BMP then pro-
duces a magnetic-dipole wind with luminosity
Ld(t) ≈ (6× 1049erg s−1)B215 P−4−3 (1 + t/tSD)−2 , (1)
where
tSD ≈ (500 s)B−215 P 2−3 , (2)
is the spin-down time, B is the dipole magnetic field and P is
BMP rotation period. After the neutrino luminosity from the
BMP drops, the dipole wind is expected to have high magne-
tization, low baryon loading and relativistic speed. This fast
wind drives a shock wave into the slow wind. The speed of the
shock front moving into the slow wind, as seen in the slow-
wind rest-frame, can be obtained from the pressure balance as
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viewed in the rest-frame of the shocked wind at radius r
Ld
4pi r2 c
≈ mpnswV 2s ≈
M˙swV
2
s
4pi r2 Vsw
, (3)
where Vs is the shock speed as seen in the slow-wind rest-
frame, nsw the number density there, and mp is the unit the
baryon mass. Hence
Vs≈
(
LdVsw
M˙sw c
)1/2
≈(6× 109 cm s−1)L1/2d,50
(
Vsw
c
)1/2
∼Vsw .
(4)
The thermodynamic properties of the shocked slow-wind
plasma can be obtained from the Rankine-Hugoniot condi-
tions, which, for a sub-relativistic shock yield (Rezzolla &
Zanotti 2013)
nswVs =n2V2 , (5)
mpnswV
2
s =mpn2V
2
2 + kBT2n2 +
σaT
4
2
3
, (6)
mpnswV
3
s
2
=
mpn2V
3
2
2
+
[
5
2
k
B
T2 n2 +
4
3
σaT
4
2
]
V2 , (7)
where σa is the radiation constant, kB the Boltzmann con-
stant, and the index 2 refers to matter behind the shock. The
ratio of the radiation and gas thermal pressure for the shocked
slow wind is given by
σaT
4
2 /(3kBn2T2) ∼ 3T 32 /nsw , (8)
When the pressure in the shocked plasma is dominated by
the gas thermal pressure, then we know from the standard
shock-jump equations that the temperature of the shocked gas
is T2 ∼ mpV 2s /kB , which would be of order 10 MeV (or
1011 K) for the parameters of the slow and fast winds. In
this case, the ratio of the radiation pressure to the gas thermal
pressure is ∼ 1011 at R = 1010 cm, and the ratio is 1013 at
the shock break-out radius of 1011 cm. This large ratio means
that the pressure is completely dominated by radiation, which
contradicts the assumption that the shocked plasma pressure is
dominated by gas. So we must drop this assumption, and con-
sider the opposite situation that the shocked plasma tempera-
ture is dominated by the radiation. In this case, Eqs. ((5))–
((7)) yield
7V 22 − 8VsV2 + V 2s = 0 , or V2 = Vs/7 . (9)
Substituting this back into (5)–(6) we find
n2 = 7nsw , and σaT
4
2 /3 = 6mpnswV
2
s /7 , (10)
or
T2 ≈
(
9Ld
14pi c σa r2
)1/4
∼ (few) keV . (11)
The X-ray luminosity from the shocked slow-wind when
the shock emerges above the photosphere is obtained by solv-
ing photon diffusion equation and is given by
LX ≈4pi R2s σa T 42 (∆r/tsw)
∼16pi Rs σSB T 42 (Rs λ)1/2 (Vsw/c)1/2 , (12)
where σ
SB
is the Stefan-Boltzmann constant, while
Rs = tswVsw(Vs + Vsw)/Vs ≈ tswVsw is the shock breakout
radius, and
∆r ∼ (Rs λ c/Vsw)1/2 , (13)
is the radial distance travelled by the photons in tsw with
mean-free-path
λ =
4pi R2smp Vsw
σ
T
Ye M˙sw
∼ 105 cm , (14)
where Ye ≈ 0.1 is the electron fraction, σT the Thomson-
scattering cross section, and the numerical value for λ is for
M˙w = 10
−4Ms−1, Vsw = c/10 and tsw=30s. Making use
of (11), we find
LX ∼ 1047(erg s−1) M˙−1/2w,−4 R1/2s,12 Ld,50 . (15)
This luminosity is in good agreement with that observed in
X-ray plateaus (Rowlinson et al. 2013; Gompertz et al. 2014),
and the spectrum is non-thermal because of Compton scatter-
ings of photons below the photosphere by electrons acceler-
ated in the shock. A part of dipole-driven energy could also be
emitted in gamma-rays, as seen in some pulsars with widely
ranging efficiencies (10−3 − 1) (Abdo et al. 2013). After the
shock breakout, the temperature decreases due to adiabatic
expansion as r−2/3. The luminosity will decline as t−1/6 as
long as in the shocked wind τ > 1. At the shock, Rayleigh-
Taylor instabilities may develop (Blondin et al. 2001) and par-
ticles be accelerated (Sironi & Spitkovsky 2011).
The fast wind from the BMP lasts tfw ∼ 103 − 104 s when
the BMP loses rotational support and collapses to a BH and
a torus. An accurate determination of the mass of this torus
is difficult at the moment, as numerical simulations cannot be
performed on these timescales. Previous general-relativistic
simulations of the collapse of cold and uniformly rotating
supramassive stars have indicated that very little mass is left
outside the black hole, with torus masses . 10−3M (Shi-
bata et al. 2000; Baiotti et al. 2005; Baiotti et al. 2007), al-
though larger masses (i.e., 10−2− 10−1M) can be obtained
if the equation of state is sufficiently soft (Shibata 2003). The
reason for this different behaviour is simple to explain: With
a soft equation of state the BMP will be centrally condensed
and its core will collapse more rapidly than the outer parts,
some of which will find themselves on stable orbits once the
BH is formed. Conversely, with a stiff equation of state, the
collapse will be essentially homologous, with the core and the
outer parts collapsing at the same speed and leaving little ma-
terial outside the BH’s horizon.
Clearly, if the mass in the torus is very small, then it will
become rather difficult to find the energy reservoir needed to
launch and sustain the jet that we expect in our model. How-
ever, present simulations reveal that the angular velocity dis-
tribution of the matter in the BMP has an inner core which
is differentially rotating and an outer envelope that has essen-
tially Keplerian velocities and which effectively behaves like
a “disk” surrounding the BMP’s core (Kastaun & Galeazzi
2014). The amount of mass in this disk is large and can be
even 30% of the total rest mass. It is then possible that the
dynamics of the inner core of the BMP and that of the outer
layers will be distinct. More specifically, it is not unreason-
able that the inner core loses differential rotation as a result of
magnetic braking on an Alfe´n timescale of. 1−10 s and col-
lapses to a BH only much later. On the other hand, because on
Keplerian orbits, the material in the outer layers could be sub-
ject to a magnetorotational instability (Velikhov 1959; Chan-
drasekhar 1960; Balbus & Hawley 1991) and hence behave as
a standard accretion disk onto a rapidly rotating magnetized
star, in which differential rotation does not brake the rotation
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but transports angular momentum outwards. Once developed,
magnetic turbulence will regulates accretion, which can ei-
ther be on the inner core of the BMP or on the BH once it is is
formed. A good fraction of the material in the outer layers of
the BMP would thus remain on quasi-Keplerian orbits on the
much longer viscous accretion timescale, hence leading to the
production of a massive torus around the BH.
Following this line of arguments, which is admittedly quali-
tative at this stage, we assume that a relativistic jet is launched
a time tfw after the formation of BMP, and it propagates
through the fast- and the shocked-slow wind. Since the fast
wind and the jet are moving in the same direction at high
Lorentz factors, very little work is done by the jet to open
a cavity through the fast wind. However, the propagation of
the jet through the slow wind, which has been at least par-
tially shock heated by the fast wind, can require considerable
expenditure of energy. This interaction also produces a hot
cocoon that encapsulates and collimates the jet. Eventually,
both the jet and the hot cocoon rise above the BMP slow wind
surface at a radius
Rcj ∼ tfwVs,sw (1 + Vs,sw/vh) , (16)
where Vs,sw is speed of the slow-wind matter at the time the
cocoon punches through its surface, and vh is the speed of
the jet head as it moves through the slow wind. Note that
Vs,sw ∼ Vsw + Vs/7 if Rcj ∼ Rs, but Vs,sw ∼ Vfw if the
cocoon breaks out at a larger radius.
The cocoon undergoes adiabatic expansion after breaking
through the BMP wind and attains mildly relativistic speed,
radiating away a part of its thermal energy in the X-ray band.
A far away observer will thus see a burst of gamma-rays last-
ing for a time of order the duration of the jet (∼ 1s or less),
and a long lasting phase of X-ray emission from the cocoon
and from the X-ray photons produced near the shock and
breaking out at the edge of the slow wind. Thermal photons
from the cocoon are also inverse-Compton (IC) scattered by
electrons in the jet and this could give rise to a bright MeV
flash.
Following Ramirez-Ruiz et al. (2002), Matzner (2003), and
Bromberg et al. (2011) the pressure balance between the jet
and the wind in the frame comoving with the jet-head is ex-
pressed as
ρjc
2Γ2jΓ
2
h(Vj − vh)2 ≈ (ρ2c2 + 4p2)Γ2hv2h + p2 , (17)
where ρj and ρ2 are the densities of the unshocked jet and
the shocked slow-wind, and Γj and Γh are the Lorentz factors
of the unshocked jet and the jet-head with respect to the slow
wind. The fast wind compresses the slow wind into a thin
shell of radial width ∼ Rcj/7 [Eq. (10)], so that the density
of the shocked slow-wind is
ρ2 ∼ tsw M˙sw
4pi R3cj/7
 p2
c2
, (18)
Ignoring p2 in (17), the jet-head speed relative to the shocked
slow-wind medium is
vh ≈ Vj
1 + ξ
−1/2
j
, (19)
where
ξj ≡ 4Rcj Lj
7 θ2j c
3 tsw M˙sw
, (20)
Figure 2. The upper panel shows the isotropic equivalent of luminosity of
cocoon in the host-galaxy frame as a function of observer-frame time, where
z is the galaxy redshift (We have taken: M˙sw = 10−3M s−1, Vsw =
c/2, and tsw = 10s). The lower panel shows the cocoon temperature.
while Lj and θj are jet luminosity and half-opening an-
gle, respectively. For typical parameters of tswM˙sw ∼
10−3M, θj ∼ 0.2, Lj = 1050, erg s−1, and Rcj ∼
1010 cm, we deduce that ξj ≈ 3 and vh ∼ c/2.
The cocoon provides collimation for the jet as long as ξj <
θ
−4/3
j (Me´sza´ros & Rees 2001; Bromberg et al. 2011, 2014),
and, as a result, the jet angle is in general some function of r,
which we take to be a power-law.
The energy Ec deposited by the relativistic jet into the co-
coon is roughly equal to the work done by the jet on the wind
medium, which is given by (Ramirez-Ruiz et al. 2002)
Ec ≈
∫
dr
vh
Lj(1− vh)∼Lj (Rcj/7c)
∼ (5× 1048erg)Rcj,10 Lj,50 . (21)
The cocoon mass and volume are respectively
Mc≈
∫
dr pi θ2j r
2 ρ2(r) =
7tsw M˙sw
4
∫
dr
r
θ2j , (22)
Vc∼ (Rcj/7)3(v⊥/vh)2 , (23)
where
v⊥ ∼ (pc/ρ2)1/2 , (24)
is the transverse expansion speed of the cocoon and pc ∼
Ec/Vc is its average thermal pressure. Combining these equa-
tions we find
v⊥ ∼
[
Ec v
2
h
ρ2
(
7
Rcj
)3]1/4
. (25)
Therefore, the cocoon average temperature is given by
Tc ≈
(
3pc
σa
)1/4
∼ 7× 108 K
[
tsw M˙w,−4 Lj,50
R5cj,10
]1/8
v
1/4
h .
(26)
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Once the cocoon punches through the BMP wind, its
Lorentz factor increases linearly with radius, as is the case for
any radiation-dominated relativistic plasma, until it attains the
terminal Lorentz factor
Γc ≈ 1 + Ec/(Mcc2) ∼ 2− 10 , (27)
at a radius Rsat ≈ ΓcRcj . The radiation temperature in
the observer frame during this phase of acceleration does not
change significantly. However, once the cocoon starts to coast
at a constant speed of vc atRsat, the temperature decreases as
r−2/3. This decline steepens to r−1 for r & Rcj Γ2c , when
the radial width of the cocoon starts to increase linearly with
distance.
In the frame comoving with the cocoon, the average num-
ber density of electrons and the photon mean free path are
respectively
n′e,c(r) ∼
YeMc
mp Vc(r) , λ
′(r) =
1
σT n′e,c(r)
. (28)
The observed luminosity is controlled by photon diffusion be-
low the photosphere, and at lab frame time t, this is given by
Lisoc (t) ≈ 4pi R2cj σSB T 4c (Rcj)
(
λ′
ct′ + λ′
)1/2
, (29)
as long as λ′(r) r/Γc; here Tc(Rcj) is the cocoon tempera-
ture when it emerges above the BMP-wind surface [Eq. (26)],
while t′ ∼ t/Γc is the dynamical time in the cocoon rest-
frame. The observed luminosity from the cocoon for r &
Γ2c Rcj is given by
Lisoc (r) ≈ 4piR2cjσSBT 4c (Rcj)Γ4/3c (r/Rsat)−2(λ′/ct′)1/2 .
(30)
The cocoon luminosity and temperature are shown in Fig. 2,
with the luminosity being roughly constant until the radial
width of the cocoon starts to increase linearly with time,
which happens at t ∼ 1s for our simplified cocoon model.
In reality the decline is expected to begin later than shown
in Fig. 2, since the cocoon plasma is likely to continue to es-
cape through the polar cavity at the surface for at least a few
times Rcj/c ∼ tfw ∼ 102 s, reducing the radial expansion of
the cocoon and flattening the decay of the X-ray lightcurve.
The decline steepens to t−3 when τ of the cocoon drops below
unity, which could explain the sudden drop-off at the end of
plateau in some SGRBs. Following Kumar & Smoot (2014),
we find the IC luminosity to be of order Lj , but that lasts only
for a short duration of time of order Rcj/(2cΓ2j ), since the jet
is opaque at this radius and cocoon photons are only scattered
when the jet first emerges above the cocoon photosphere.
4. DISCUSSION AND SUMMARY
The “two-winds” model proposed here pieces together
events that are likely to take place when a BNS merges and
provides an economical explanation for several puzzling fea-
tures in the gamma-ray and X-ray data for SGRBs. The BMP
is expected to be a differentially rotating highly magnetized
object driving a highly baryon-loaded wind with moderate
speed of ∼ 0.1 c. This phase lasts for as long as the BMP
has substantial differential rotation, which might be for a few
seconds. Subsequently, the baryon loading decreases, the
wind becomes relativistic and is driven by magnetic-dipole
radiation. This fast dipole wind pushes outward the slow
baryon-rich wind and the shock resulting from their inter-
action heats up the plasma, generating X-ray radiation with
LX ∼ 1047 erg s−1 and lasting for 103 − 104 s with a
nearly flat lightcurve. This emission can explain the puzzling
“plateau” seen in the X-ray lightcurves of SGRBs. Finally,
the BMP slows down and, no longer being able to resist grav-
ity, collapses to a BH leaving behind a torus of matter which
is accreted onto the BH in. 1 s. How much mass will end up
in the torus is hard to predict at this stage and this represents
an obvious weakness of our model. If the BMP has a stiff
equation of state and collapses homologously, then it is possi-
ble that very little matter will be left outside the BH, making
the launching of a jet very problematic if possible at all. On
the other hand, if the BMP has a condensed core because its
equation of state is rather soft, then a non-negligible amount
of matter can be used to build a torus. Clearly, new numerical
simulations are needed to asses this point that may invalidate
our model if it turns out that very little matter is left in the
torus.
In the case in which the torus us sufficiently massive, the ac-
creting BH is expected to produce a relativistic jet responsible
for the observed gamma-ray emission, but the jet first has to
make its way out of the baryon-loaded slow wind. As in long
GRBs, the energy required for carving out a cavity through the
wind is converted into thermal energy and deposited into a co-
coon encapsulating the jet and contributing to its collimation.
Because the fast wind has pushed the baryon-rich wind out to
a distance ∼ 1011 cm by the time a BH forms and jet is pro-
duced, the work done for clearing this cavity is much smaller
than that estimated by Murguia-Berthier et al. (2014), where
only a baryon-rich wind was considered. A part of the energy
deposited by the jet into the cocoon is radiated away as X-rays
when the jet and the cocoon rise above the wind surface, and
could contribute to the extended X-ray emission. This was al-
ready recognized by Murguia-Berthier et al. (2014), although
they did not calculate the emergent radiation as we have in
this work. The emergent X-ray spectra in our models are non-
thermal due to the interaction between photons and electrons
accelerated in shocks.
The long lasting X-ray emission described in this work
(∼ 102 s duration), arises from two different mechanisms
which are: the shocked slow wind and the hot cocoon sur-
rounding the jet. The X-ray variability time for the two mech-
anisms are very different. X-rays from the cocoon have a
short-time variability since the cocoon has a Lorentz factor
of order a few, and its structure is expected to be highly ir-
regular. The timescale for X-ray luminosity from the cocoon
to vary is of order δt ∼ Rcj/(2cΓ2c) which is . 1 s since
Rcj ∼ tfwVsw ∼ 1011 cm. The X-ray luminosity of the co-
coon is larger than the luminosity of the shocked slow wind
on a timescale of a few hundred seconds, which is the dura-
tion of observed plateau for short-GRBs, and hence the ob-
served variability of X-rays of ∼ 1s is most likely due to the
cocoon emission. The variably of the X-ray luminosity from
the shocked wind occurs on a longer timescale and is due to
the patchiness of the material of the slow-wind. The density
distribution in the slow wind is approximately spherical but
not homogeneous and the shock going through it produces
a hot plasma with density and temperature fluctuations. If
fluctuations occur in the wind on a characteristic lengthscale
of `f , then the timescale for fluctuations in the emergent X-
ray lightcurve is∼ min
{
`2f/(cλ), td
}
, and the dimensionless
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amplitude of fluctuations is∼ (`f/Rs); λ is photon mean free
path and td is dynamical time.
While numerical simulations are still too expensive to re-
produce self-consistently this scenario, there are a number
of observational features that can be used to confirm or rule
out this novel paradigm. First, it is clear that in our model
the launching of the jet will take place considerably after the
actual merger of the two neutron stars, which is also when
the gravitational-wave amplitude reaches its first maximum.
Hence, the observation of a GRB which is seen to take place
103 − 104 s after the maximum gravitational-wave emission
would be a confirmation of the validity of this scenario for
SGRBs with extended X-ray emission. Second, future obser-
vations should be able to test our model by looking for IC
scattered thermal cocoon photons that should show up at en-
ergies > 10 MeV with a luminosity ∼ 1050 erg s−1 lasting
for about a second. Finally, the detection of an X-ray emis-
sion anticipating the GRB would also represent a strong val-
idation of this model; indeed the precursor signals in some
SGRBs (Troja et al. 2010) seem already to suggest this possi-
bility.
After submitting this paper we learned about the work
of Ciolfi & Siegel (2014), who concentrate on showing that
the X-ray photon diffusion timescale is comparable or larger
than the afterglow timescale. This work on the other hand
considers the interaction between slow and fast winds, cre-
ation and propagation of a cocoon by the relativistic jet pass-
ing though the winds, and provides a detailed calculation of
the resulting X-ray lightcurves. In November 2013, LR and
the authors had a discussion about the timing riddle, but the
work has been developed entirely independently.
We are grateful to N. Bucciantini, B. Metzger, T. Piran, and B.
Zhang for useful discussions and comments. Support comes
from the DFG Grant SFB/Transregio 7, from “NewComp-
Star”, COST Action MP1304, and from HIC for FAIR.
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